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Abstract — In this paper, we study the effect of cochannel in- 
terference (CCI) on the performance of partially coherent BPSK 
and QPSK in uncorrelated i-branch equal-gain combining 
systems. We consider a generalized propagation model wherein 
the desired and interfering signals undergo Nakagami-m or 
Rician fading with different amounts of fading severity. Further, 
the interfering signals are assumed to be asynchronous symbol 
timing with the desired signal, so that the effect of cross-signal 
intersymbol interference (ISI) is taken into account. Using a 
convergent Fourier series method, we derive extensive analytical 
results for the average bit error probability and the SNR gain 
penalty caused by the interference signals for different signal- 
to-interference ratio levels. The numerical results presented in 
this paper demonstrate the system performance under very 
realistic propagation and detection conditions including CCI, 
carrier phase error recovery, cross-signal ISI, generalized fading 
channels, and AWGN. Hence our results are expected to be of 
significant practical use for such scenarios. 

Index Terms — Cochannel interference, intersymbol interfer- 
ence, generalized fading channels, carrier phase error, quazi- 
analytical simulation, equal-gain combining. 

I. Introduction 

SINCE the radio spectrum is scarce and is a very precious 
commodity, the same sets of carrier frequency are reused 
in cells spatially separated by a predetermined reuse distance 
from the subject cell of interest to achieve maximum spectral 
efficiency. Therefore, a desired mobile user signal is corrupted 
by the interference generated by other undesired active users' 
signals in the neighboring cells operating at the same carrier 
frequency. This results in the so called cochannel interference 
(CCI), a problem categorized as the bottleneck for the capacity 
of any wireless cellular system. On the other hand, due to 
the time-variant characteristic of wireless channel, the carrier 
phase cannot be recovered perfectly (i.e., partially coherent 
detection), which results in system performance degradation 
[1]. It is well-known that diversity combining is a powerful 
technique for combating the negative effects of wireless chan- 
nel impairments and is often employed in practice. Therefore, 
it is of great interest to investigate the effect of CCI on 
the performance of partially coherent fading systems, and 
to examine the ability of diversity combining as a means 
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for combating all these impairments (CCI, multipath fading, 
carrier phase error, etc.) together. 

Different CCI environments have been proposed to charac- 
terize the propagation of the desired and interfering signals. 
In early analysis [2], both the desired and the interfering 
user signals are modeled by Rayleigh fading. Although the 
Rayleigh fading model is widely used to represent propagation 
environments when no line-of-sight signal exists between the 
transmitter and the receiver, some propagation environments 
might not be well characterized by this fading model. For 
example, in microcellular environments, the fading is not as 
much severe as Rayleigh fading and it is better to be charac- 
terized by either Nakagami-m or Rician fading. Therefore, a 
Nakagami-m/Nakagami-m model or Rician/Rician model, in 
which the desired user signal is described by Nakagami-m or 
Rician fading and the interfering signals are described by dif- 
ferent Nakagami-m or Rician fading levels are general enough 
models to cover a wide range of real CCI fading conditions [3]. 
On the other hand, in practical systems, the interfering signals 
are usually not symbol synchronous with the desired signal. 
This is simply because those signals are in general propagating 
through different paths that have different lengths, phases, 
and time delays. Hence, it is more practically appropriate to 
assume that the interfering signals are timing asynchronous 
with the desired signal. In this study, a general scenario 
wherein both Nakagami-m/Nakagami-m and Rician/Rician 
CCI models under asynchronous or synchronous operations is 
considered to evaluate the performance of partially coherent 
BPSK and QPSK wireless systems with diversity reception. 

Many papers dealt with the error rate performance of PSK 
systems in flat frequency-nonselective fading and CCI. The 
bit error rate performance of single channel (no diversity) 
coherent PSK- faded systems can be found in [2] -[4]. The 
bit error probability (BEP) of coherent BPSK systems in 
Rayleigh/Rayleigh desired/interferering signals is derived in 
[2], [5]. Fourier series approximation is used in [6] to analyze 
the performance of QPSK system in Nakagami-m/Rayleigh 
and Ricain/Rayleigh CCI asynchronous models. The authors in 
[7] derived closed-form solution for the average BEP of BPSK 
in synchronous Nakagami-m/Nakagami-m CCI. However, the 
solution in [7] is reached under the assumption that the sum 
of the Nakagami-m interfering signals is a Gaussian random 
variable (RV), which is still an approximation. Recently, the 
exact BEP of asynchronous interferers with nonreturn-to-zero 
(NRZ) pulse shape signaling are derived in [8] for BPSK in 
Rayleigh/Rayleigh CCI and in [4] for BPSK in Nakagami- 
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m/Nakagami-m or QPSK in Nakagami-rn/Rayleigh CCI mod- 
els. More generally, the error rate performance for BPSK 
with several bandwidth-efficient pulse shape signaling in 
Nakagami-m/Nakagami-TO asynchronous CCI is studied in 
[3], The analyses in the last three studies are based on 
the characteristic function (CF) inversion method, where the 
final error rate expression is given in terms of infinite-range 
integral that has to be solved using numerical techniques. For 
diversity systems, the BEP for coherent BPSK was studied 
for dual-branch system with asynchronous Nakagami-m or 
Rician/Rayleigh CCI in [9] and for L-branch EGC with syn- 
chronous multiple Rician CCI in [10]. However, in all previous 
studies, a hard to accomplish perfect coherent detection of 
the carrier phase is assumed. To the author's knowledge, 
the performance of L-branch partially coherent BPSK and 
QPSK fading systems in the presence of asynchronous or 
synchronous CCI has not been investigated so far. 

The paper is organized as follows. In Section II, we 
describe our system model. In Section III, Fourier infinite 
series approach is used to derive expressions for the average 
BEP of partially coherent BPSK and QPSK in equal-gain 
combining (EGC) reception and in the presence of CCI. We 
consider both Nakagami-TO/Nakagami-m and Rician/Rician 
models with asynchronous or synchronous interferers and 
NRZ pulse-shape filtering. The analytical expressions obtained 
are evaluated numerically and discussed in Section IV. Finally, 
we make our concluding remarks in Section V. 

II. System Description 

A. Signals and Receiver Structure 

We consider coherent PSK systems (both BPSK and QPSK) 
with cochannel interference in frequency-nonselective slowly 
fading environment. The complex baseband representation of 
the desired transmitted PSK signal is given by 


s d (t) 


e lSd ^h T (t-kT), 


(1) 


fc— — c 


where, for the desired user's signal, P d is the transmit- 
ted symbol power and $d(k) represents the information 
phase over the fcth signaling period interval. 6d(k) takes 
values from {0, 7r} radians in BPSK scheme and from 
{-37r/4, — 7r/4, 7r/4, 37r/4} radians in QPSK scheme with 
equal probabilities. The impulse response of the transmitter 
filter, hrit), is assumed to be constant over the symbol 
time period T (i.e., NRZ pulse shaping) and its energy is 
normalized to 1, i.e., h T (t) — -4=, < t < T. As the 
desired signal propagates over wireless channel, it suffers from 
multipath fading as well as interference from other user's 
signals using the same band of frequency. If we reasonably 
assume that the desired and the interfering signals have the 
same modulation scheme, then we write the transmitted signal 
of the ith interferer as 


Sl (t) = ^2P~ J2 e j6i ^h T (t-kT), 


(2) 


fc— — oo 


Let us consider a general propagation scenario in which 
the desired signal is corrupted by I interfering signals and 
is being received over L-branch diversity system. For slow 
frequency-nonselective fading, the total received signal over 
the Zth diversity branch can be written as 

n(t) = 9diSd{t) + y^gii3i(t-Tj) +ni(t), l = l,2,--- ,L 

where gdi — a d ie^ dl and gu — aue^ il are, respectively, the 
desired and the zth interfering user's complex channel fading 
gains. The channel fading envelopes (a.di, an) and the fading 
phases (<fidi, 4>u) are RVs assumed to be mutually independent 
from branch to branch and independent of the background 
complex-valued AWGN processes ni(i). In (3), the possible 
symbol timing offset between the ith interferer and the desired 
user is represented by r», which is assumed to be identical for 
all diversity paths (this is reasonable since the / interfering 
signals could be received from the same constellation scatters) 
and uniformly distributed over [0,T). 

Since EGC has performance close to the optimal maximum 
ratio combining with much simpler implementation, we study 
the impact of CCI on EGC. In EGC technique, each diversity 
signal is passed through a receiver filter hn(t) that is matched 
to the transmit filter h T {t) (i.e., h R {t) = h* T (t) = 1/VT), co- 
phased with respect to the desired user phase, <\>di, sampled 
properly at the symbol times tk = kT, and finally summed to 
produce the combiner's decision variable. In practical coherent 
systems, fading and interference make it difficult to perform 
perfect phase tracking. Hence, we consider the general case 
when the carrier phase of the desired user, (fidi, is imperfectly 
recovered. Therefore, without loss of generality, if the zeroth 
data symbol, #<j(0), is to be detected, the combiner decision 
statistic can be written as 


U[6 d (0)] = £V'** / n{t)h R {t) dt\t=o 


=1 

L 

E 



^2P d a dl e^ +e ^ 

=i 

xaae^'A^.Ti) 


where Pj, 6i(k) are, respectively, the transmitted power and 
the information phase of the ith interfering signal. 


■n/(0) + jn Q {0), 

(4) 

where q = <p d i — 4>di is the desired user introduced carrier 
phase error at the Ith branch assumed to follow Tikhonov 
distribution [1, eqn. 4] with rms phase error a e i. A typical 
values of a e i ranges from 5° to 20° corresponding to a 
loop SNR, p c i, of (21.2-9.4) dBs. However, in some cellular 
applications, larger phase error variations due to nasty severer 
fading conditions may occur, and hence, noncoherent or differ- 
entially coherent systems could become attractive alternatives 
to partially coherent systems with receiver simplicity [11]. On 
the other hand, the possible random phase difference between 
the ith interfering user's fading phase and the estimate of 
the desired user fading phase denoted by <fiu — <\>u — <t>di is 
reasonably assumed to be uniformly-distributed over [0,27r), 
since no attempt has been made to estimate <j>u. Again, nj(0) 
and tiq(0) are the filtered Gaussian variables with zero means 
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and equal variances of La 2 . In (4), and for the Zth path, the first 
term inside the square brackets represents the desired signal 
component while the sum term represents the undesired CCI 
component. Moreover, due to the timing offsets tj's, each CCI 
signal will be subject to cross-signal ISI component as will 
be indicated by A(#j, Tj), which can be written as 


A(0i,Ti 



Si(t - Ti)h R (t)dt 


= e -^ >Ao(T 4 ) + e^- 1 >A_ 1 (T 4 ), 


(5) 


where 0,(0) and #,(— 1) indicate the two consecutive phases 
of the zth interfering signal overlapping with the desired 
phase d (O), Xo(n) = j T , l/Tdt = 1 - njT represents the 
contribution of 0;(O), and A_i(tj) = \ (T - n) = n/T 
represents the contribution of the ISI phase 9i(— 1). Note 
that for synchronized interferers scenario, i.e., \ji = 0}, 
A(9i) = e? 6 " ) and no cross-signal ISI component exists. 

B. CCI Analysis Model 

We consider a general propagation model wherein the 
desired and interfering signals allow to follow Nakagami- 
m or Rician fading with different levels of fading severity. 
Thus, the desired user's fading envelope over the Ith channel, 
adi, follows either Nakagami-m distribution [1, eqn. 3] with 
fading severity parameter rridi > 0.5 and average fading 
power ildi = E[a 2 d} \, or Rician distribution [1, eqn. 2] with 
fading figure Kdi > and average power £ldi- Similarly, 
we assume that the interfering user's fading envelopes over 
the Ith channel, an, are either Nakagami-m-distributed with 
parameters (mu,Clu) or Rician-distributed with parameters 
(Ku,Clii). Those fading and interference models are general 
enough to cover a wide range of realistic conditions. 

Without loss of generality, we assume that the average 
symbol transmitted power for both the desired and all the 
interfering users are the same, i.e., Pd = Pi = P2 = ■ ■ ■ = 
Pj = Pt, log 2 M, where M is the modulation order and Pf, is 
the average bit power. Assume further that Pi, = a 2 , so, with 
this convention, the fading SNR and signal-to-interference 
ratio (SIR) per bit in the Ith channel for our system model 
can be expressed as 

PbVdl 


SNR, 


SIR ; = 


n 


PbVdl 


,11 


n 


•11 


(6) 


ft£i=i fi « E-=i^ 


n 


In 


III. Error Rate Analysis 
this section, we evaluate the BEP performance 


for the Nakagami-m/Nakagami-TO and Rician/Rician - 
desired/interfering CCI models when partially coherent BPSK 
and QPSK schemes are used in wireless diversity communi- 
cations. 

A. BPSK Error Performance 

Assuming that phase radian was transmitted over the 0th 
signaling interval, i.e., (9^(0) = 0, and for equal probable 


symbols, then the average BEP for EGC BPSK system in 
the presence of synchronization phase error and CCI can be 
written using (4) and (5) as 

P b (e) = Pi[^{U[9 d (0)}} < 0\6 d (0) = 0] 


Pr 


Pr 


l . 1 

^2 \ V^PbUdi cos ei + ^2 V^Pbau 
1=1 *■ »=i 

x 3? p^A(6»,,r 4 )j I + y/L^Nj < 
L ( I 

Z 2 = ^2\ Q-dl COS Q + ^ Cijl COS (j>il\2{0i,Tj) 


1=1 


+ x l-Nj<0 


(7) 


where 3f (•) denotes the real part, Nj is the normalized AWGN 
variable, and 

A 2 (0i,Ti) = Ao(Ti)c<M0i(O) + A_l(Ti)cOS0i(-l) (8) 

Note that in obtaining (8) we use the fact that sin6*j(0) = 
sin 6i(— 1) = 0. To evaluate (7) analytically, we use the 
well-known Fourier series-based expansion for the cumulative 
distribution function (cdf) that has been derived by Beaulieu in 
the early 1990s. In particular, Pb(e) can be computed within 
a determined accuracy using [12, eqn. 6b] as 


A(e) 


1 OO 

5-E 


23{$ Z2 [(2n+l)7?]} 

7r(2n+l) 


I » 


where ^s(z) is the imaginary part of z, $x{v) = E\e^ vX \ 
is the the CF of X, and T s is a parameter controlling the 
accuracy of the result. We have shown in [l] that the truncation 
error of the Beaulieu series can be made arbitrarily small by 
terminating the series at a moderate number of terms, and that 
the convergence rate of the series improves as the diversity 
order, L, increases. We also showed that the selection of 
T s is not critical, but more series terms are needed in the 
calculations if T s is chosen larger than the minimum value 
needed to obtain a desired accuracy. In all computations, the 
series is truncated at n = 30, 26, and 23 for systems with 
diversity order L = 1,2, and 3, respectively, while the required 
number of terms reduces to about 20 terms for systems with 
diversity order L > 4 to obtain a good accuracy. The value 
of T s was chosen to lie between 10 (for L > 4) and 20 (for 
L = 1). For the problem in our hand, one can write 

* Z2 (1/) - <s> Nl t s\\v j n J $z*i M n $ ^ m } - ( io ) 

which is true assuming that the diversity channels are sta- 
tistically independent, and that both the desired user's signal 
Zdi and all the interfering user's signals zu's in (7) expe- 
rience independent fades. In (10), &Nj(v) = e~ v ^ 2 and 
^z dl iy), & Zil (y) are, respectively, the CFs of the desired 
and the interferer users' signals. The exact infinite integral 


expression for <&z dl (y), which is, 




Igjpci + jvx) 
lo(Pd) 


branches in QPSK can be shown using (4) and (5) to be 
P b (e) = P^R{U[6 d (0)}} < 0\6 d (0) - tt/4] 


p ai (x)dx 


(11) 


= Pr 


;=i 


^ i 2 Vnad; cos(e ; + tt/4) + ^ 2^^ 


can be evaluated numerically to any degree of accuracy with 
a finite range of x over (0, 1051;) as discussed in [1, Sec. II. 
B]. 

To evaluate for $ Zil {v) = E[e^ a * lCOS ^' X2 } (we drop the 
A 2 's arguments for notation simplicity), we first integrate over 
the distribution of <fiu, which is uniform over [0, 2ir), to obtain 
the conditional CF 


2tt 

*« 4 ,H«a»A 2 ) - -^ fe jvai ' X2COSX dx = MvaaXi), (12) 


where Jq(-) is the zerot/i order Bessel function of the first 
kind. Then, to remove the condition on an, (12) has to be 
averaged like 


xK^'A^.Ti) 


/ La^N I <0 


Pr 


Z 4 = J2 | \/2, 
z=i ^ v 


a d i cos(e ; + 7r/4) 


y^aiiA 4 (gi,Ti) 


k N < < ° 


(16) 


where 


A 4 (0 4 , n) = \/2[A (t,) cos(0 4 (O) + 4> a ) 

+ A_l(Ti)cO8(ft(-l) + 0il)] 

= [Ao(Ti)c + A_i(tj)c_i] cos^i; 

+ [A (Ti)do + A_i(rj)d_i] sin&j, 


^ Zil (^|A 2 ) = / p ail {x)Jo(v\ 2 x)dx. 


(13) 


If an is Nakagami-TO-distributed, one can show with the use 
of the tabulated formula [13, eqn. 6.631.1] that the solution 
of (13) is 


(17) 


in which, Co, c_i, do an d d-i take on values of ±1 with equal 
probabilities, since in QPSK scheme, cos $%{•) and sin #,(•) are 

either 73 or 75- 

As in the BPSK case, equation (9) together with $z 4 (v) = 

*"* ( Vf^ IlpYdiM x II *ik,M] can be used to cal- 
culate for the error rate in (16). Note that §y dl (y) can be 
evaluated in a similar way as shown in [1, eqns. 10, 12] using 


^ Zil {y\M) = 1F1 m a ;l 


-ClilU 2 


4:mu 


2 , 


(14) 


where ii*i(-; •; •) is the confluent hypergeometric function [13, 
eqn. 9.120.1]. Also, for Rician-distributed an, we can show 
with the help of the integral formula [13, eqn. 6.633.4] that 


T/0 (y/pt l +j2 V xp cl -2^xA 

^yA")- J — rr—^ L p ai (x)dx 


lo(Pcl) 


<5> Za (v\\ 2 ) = exp 


/ -Slav 2 
V 4(1 + 1^, 


KuQ.il 


-Ai]J | A /f=^A 2 


(15) 
The unconditional CF, i.e., <& Zil (v), might be obtained by 
averaging the last two equations over the distribution of A 2 . 
Since A 2 variable is statistically a special case of A 4 appearing 
in the next section, eqn. (17), the derivation of $ ZiI (i/) will 
be similar to the derivation of <& yu (v) in the QPSK case and 
will not be presented here for the sake of briefness. 


B. QPSK Error Performance 

Assuming Gray code technique is used to map the pair of 
information bits into the four possible phases, the average BEP 
for equal probable symbols and symmetric I and Q modulation 


(18) 

Note that for the case of perfect phase recovery, i.e. e; = 0, 
the CF of the desired user variable ($z di {v) in BPSK case 
or $y di (v) in QPSK case) reduced to the CF of either Rician 
or Nakagami variables which is well known in the literature 
(see for example eqn. (21b) in [3] which represents the CF 
for Nakagami fading with integer to). To evaluate <f> Vit (y) = 
E\ei vau 4 ], we should consider for all possible values of A 4 
as follows: 

• If c_i = Co and d-i = do (4 possible combinations), 
then A 4 = ±cos<j>u ± sin^/. If we denote $ ya (y) by 
9yii{v), one can show with the help of [13, eq. 3.937.2] 
that 


2;i 


*$(») = /Pa«(x) 


2tt 


jvx(± cos #±sin 


(19) 


Pan (x)J (v2isx)dx 1 


which is for the fading distributions under consideration 
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can be written as 


-n u ^ 


^V)=< 


i-Fi(ro«;l; 2m ^ 

for Nakagami-rn fading 

exp (j®&) Jo (v^e u) , 
for Rician fading 


(20) 


• If c_i 7^ Co and d-\ 7^ do (4 possible combinations), 
then A4 = (cos (fin + sin <fiu)u, where u is uniformly- 
distributed over [—1,11. Let us refer to § yil {y) by 
&y it ;(i/), then analogous to the previous case 


< ) W«) = 


^X u 2 


for Nakagami-m fading 
-P (^o^ 2 ) ^0 (y^g^ «) 


for Rician fading 


(21) 


and the unconditional CF can be evaluated as 

1 

/ 




*£?(") = 


for Nakagami-m fading 
/cxp(^^ 7 x 2 ) Jo 


for Rician fading 


da;, 


(22) 


Finally, if c_i 7^ Co and d_i = do> or c -i = c o and 
d_i 7^ c?o (8 possible combinations), then from (17), 
A4 = ± cos (f>u u ± sin^ij, where u is uniform over 
[—1,1], If we mark <& Vil (y) by ^^(v), one can show 
that 


2lT 


*W{v\u)= I p aa {x)± I e?"^™ 6 


-uisin 


e Ue 


— I Pau( x )Jo(vl + u 2 vx)dx 


1-fl 


Fi [ma: 1 


-Cluv 


r( 1 + « 


cxp 


id -"-j Ami, 

for Nakagami-m fading 

(3S^)(1 + - 2 )) •*> (fligfcvyK+V 
for Rician fading 

(23) 

and tfr^; \(y) — f <& Vil (v\u)du, which can be solved 


easily by using numerical methods. 

Hence, the final expression for the CF of yu can be written 

as 

*„«(") = \*$H") + J*$M + ^$(")- (24) 

Note that when the interfering signals are symbol 
synchronized with the desired symbol, then from (17), 
A4 = Co cos 4>u + do sin <j>u which is statistically equivalent to 
A4 = cos <j)u + s'm (fin since Co and do are independent 
Bernoulli RVs and will not change the statistics of 
cos 4>u or sin^jj. Thus, in this case, Q Vil (v) is equal 



Average SNR per bit per channel, CI {dB) 


Fig. 1 . Average BEP of partially coherent BPSK in EGC with Nakagami-m 
desired signal and a single asynchronous Nakagami-m interferes 
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Average SNR per bit per channel, Q (dB) 


Fig. 2. Average BEP of partially coherent QPSK in EGC with Rician desired 
signal and a single synchronized Rician interferes 


to <& Vil \(y) as given by (20). Finally, it is worthful to mention 
that although we consider NRZ signaling pulse in this study, 
the generality of the proposed analysis framework make the 
results applicable and could be extended to any suggested 
pulse shaping filtering. 


IV. Numerical Results and Discussion 

In all results presented in this section, and without 
lack of generality, we consider identical fading channels 
for both the desired user and the interfering signals, i.e., 

{K(d,i)hm(d.i)u&(d,i)uv<ii} = {K(d,i),m(d,i)ift(d,i),Ve} for 
all I — 1,2, ■■■ , L, This implies that the total interference 
power is uniformly distributed among all the interferers, i.e., 
X^,=i Pb^u — IPb^, where P^Q, is the average received 
power of each interfering signal. 

Figs. 1 and 2 show the average BEP versus the desired user's 
average SNR per bit of one diversity channel, f^- Fig. 1 is for 



6 8 10 12 14 16 18 20 

Average SNR per bit per channel (dB) 


Fig. 3. Average BEP of partially coherent BPSK in EGC with Nakagami-m 
desired signal (m^ = 8) and (1, 6) Nakagami-m interferers (ra; = 2) at 
SIR=10 dB and u t = 12°. 



8 10 12 14 16 18 20 

Average SNR per bit per channel (dB) 


Fig. 4. Average BEP of partially coherent BPSK in EGC with Nakagami- 
m desired signal (m,j = 8) and (1, 6) synchronous/asynchronous Rayleigh 
interferers (m, = 1) at SIR=10 dB and <r e = 12°. 


Nakagami-m/Nakagami-TO desired/interfering BPSK signals 
with a single (/ — 1) asynchronous interferer. The result for 
QPSK system is given in Fig. 2 for Rician/Rician model for 
the case where a single synchronized interferer (i.e., no cross- 
signal ISI) is assumed. The results are parameterized on the 
order of diversity, L, the system SIR, Cl^/ICli, and the fading 
severity conditions, i.e., different (m<j, rrii) or (K4, K%) fading 
scenarios. Quazi-analytical simulation (see [11] for discussion 
details) results are also given and they tightly agree with the 
theoretical results, which support the accuracy of the analytical 
results presented. 

As a matter of fact, the results show that the average 
BEP performance improves (BEP decreases) when the desired 
signal is less severely faded, the order of diversity combining 
increases, or as the SIR increases. Note that when SIR=oo, the 
system does not suffer from CCI, which represents the lower 
bound on the system performance. We observe here that the 


irreducible error floor (shows clearly better in the succeeding 
figures) occurs now due to both the phase errors and the CCI 
signals which allow the decision statistic to take randomly 
both positive and negative quantities even in the absence of 
the AWGN (as SNR^ oo). Although both carrier phase error 
and CCI will degrade the error rate performance, our attempt 
here is to investigate the impact of the CCI on the system 
performance since the effect of carrier error recovery has been 
studied in [1]. 

To see how the distribution of a given amount of inter- 
ference power among a certain number of interferers will 
affect the performance, we plot in Figs. 3 and 4 the error 
rates for BPSK when the desired signal is corrupted by 
either one or six interferers under both synchronous and 
asynchronous symbol timing conditions. Fig. 3 shows that for 
both synchronous and asynchronous operations the average 
BEP when all interference power is concentrated in a single 
interferer is smaller (becomes more apparent for high SNR) 
than that obtained when the total interference power is equally 
distributed among six interferes. This observation agrees with 
the finding in [4, Fig. 1] where perfect coherent non diversity 
BPSK system was studied. On the other hand, Fig. 4 shows 
that for asynchronous Rayleigh-faded interferers, the BEP is 
better when the interference power is distributed among six 
interferers than that if it is concentrated in a single interferer. 
This finding consists with the one in [3, Fig. 4] for the case of 
perfect coherent Nakagami-Rayleigh channel. From the above 
discussion, one can draw the conclusion that the relationship 
between the average BEP and the distribution of the total 
interference power among a number of interferers has no 
clear cut edge. In some cases, the BEP is better when the 
interference power is concentrated in a single interferer, while, 
in other cases, its better if the interference power is equally 
distributed among more than one interferers. The performance 
comparison basically relies on the fading severity level of the 
interfering signals as well as wether those signals are symbol 
timing- synchronized with the desired user's signal or not. 

It is also worthy to note from Fig. 4 that for synchronized 
interfering Rayleigh signals the BEPs are exactly the same 
disregarding the number of interferers. It is because for 
synchronized Rayleigh interferers, the CCI component zu 
in (7) is Gaussian-distributed regardless of the number of 
interferers /, and hence, the associated BEP depends on the 
total interference power. A quick comparison between Figs. 
3 and 4 shows that when the interfering signals are lightly 
faded (i.e., for larger values of rrii), the error rate performance 
improves. For example for six asynchronous interferers at 
L = 2 and SNR of 20 dB, the error rate when rrii = 1 is 
7.6 x 1CT 8 while it is about 4 x 1CT 8 for m l = 2. Such 
observation may look inconvenient at the first glance but it 
agrees with the results obtained [3], where a single channel 
perfectly coherent BPSK system with CCI is analyzed. 

Finally, Fig. 5 shows the error rate performance as a 
function of the SIR. One can depict that as the SIR decreases, 
the system performs worst and the average BEP increases, as 
expected. To be a bit more specific, Table I displays the SNR 
gain penalty for BPSK Nakagami-m/Nakagami-TO CCI system 
at BEP of 1CP 3 for several SIR values. Also, the gain penalties 
for Rician/Rician QPSK system are given in Table II. For 
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Average SNR per bit per channel (dB) 

Fig. 5. Average BEP of partially coherent BPSK in EGC with Nakagami- 
m desired signal (m d = 10) and a single synchronized Rayleigh interferer 
(rrii = 1) for different SIR levels and at <r E = 12°. 

TABLE I 
Gain penalty (in dB) at a BEP 10 -3 due to CCI with various SIR 

VALUES (IN DB). THE SYSTEM IS NAKAGAMI-m d /NAKAGAMI-m; 

PARTIALLY COHERENT BPSK (<T e = 12°) WITH SINGLE SYNCHRONIZED 

INTERFERER AND L-BRANCH EGC 



m-d 

= io, 

rrii = 1 


m d = 5, 

rii =2 


L 

SIR=25 

20 

15 

10 

SIR=25 

20 

15 

10 

1 

0.10 

0.30 

1.0 

4.80 

0.13 

0.41 

1.35 

6.0 

2 

0.05 

0.13 

0.42 

1.50 

0.05 

0.14 

0.48 

1.70 

3 

0.03 

0.08 

0.27 

0.90 

0.03 

0.10 

0.31 

1.0 

4 

0.01 

0.06 

0.19 

0.68 

0.02 

0.07 

0.22 

0.70 


Nakagami-rn fading systems, we evaluate the gain penalties 
for two fading severity scenarios: (m^ = 10, rrii = 1) 
and (rrid = 5, rrii = 2). Similarly, the results for Rician 
fading systems are given for (Kd — 10, Ki = 2) dBs and 
{Kd = 7, Ki — 3) dBs. As we can see from those tables, the 
first scenario will result in less gain penalties for all SIR levels. 
Also, we can readily note that the gain penalty decreases 
(i.e., CCI is better opposed) as the system diversity order, 
L, increases. Hence, a general conclusion one can derive here 
is that the diversity reception has the ability of reducing the 
negative effect of CCI on the system performance besides its 
ability to combat fading and carrier phase error. 

V. Conclusion 

In this paper, we studied the error rate performance of 
partially coherent PSK diversity systems with CCI and cross- 
signal LSI. The results have shown that the desired user 
error rate performance with asynchronous interfering signals 
is better than the performance when the interfering signals 
are timing-synchronized with the desired signal. Also, it 
was seen that for a fixed desired user's fading conditions, 
the BEP improves as the interfering signals undergo lightly 
fading. Depending on the fading severity level, as well as, 
the timing synchronism of the interfering signals, it has been 
recognized that the system BEP performance is better when 
the interference power is concentrated in a single interferer 
in some cases, while in other cases, the BEP is better if the 


TABLE II 
Gain penalty (in dB) at a BEP 10 -3 due to CCI with various SIR 

VALUES (IN DB). THE SYSTEM IS RlCIAN-K d /RlCIAN-A"i PARTIALLY 

COHERENT QPSK (<7 e = 9°) WITH SINGLE SYNCHRONIZED INTERFERER 

AND L-BRANCH EGC 



K d = 

10, K 

i = 2 dBs 

K d ~- 

= 7, K, 

= 3 dBs 

L 

SIR=25 

20 

15 

10 

SIR=25 

20 

15 

10 

1 

0.35 

1.15 

5.25 

oo 

0.75 

2.90 

oo 

oo 

2 

0.10 

0.34 

1.16 

5.49 

0.14 

0.45 

1.60 

12.0 

3 

0.07 

0.22 

0.66 

2.45 

0.07 

0.23 

0.78 

3.13 

4 

0.03 

0.14 

0.45 

1.58 

0.04 

0.15 

0.51 

1.86 


interference power is equally distributed among more than one 
interferers. Finally, the numerical results show that systems 
with diversity combining have the ability of compensating for 
the degradation caused by CCI. 
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